INTRODUCTION
Tuberous sclerosis complex (TSC) is a multi-system disorder characterized by the formation of non-invasive benign tumors, which rarely develop to metastatic lesions, in many organs such as brain, lung, skin, heart and kidney (1) . More than 80% of the people with tuberous sclerosis have central nervous system complications, such as severe and refractory seizures, and autism (2) . Renal lesions are the most common lethal complication in patients with TSC (3). Angiomyolipoma, hamartoma and renal cysts are major renal tumors associated with TSC. Multiple and bilateral angiomyolipoma are found in around 80% of adult patients and the developed tumors with abnormal or immature blood vessels cause spontaneous bleeding (3, 4) . Multiple and large renal cysts often lead to end-stage renal failure with bacterial infections and severe hypertension. A few percent of TSC patients show pulmonary lymphangiomyomatosis, particularly those in premenopausal women (5) . Pulmonary lymphangiomyomatosis is characterized by abnormal alveolar smooth muscle proliferation and lung parenchyma destruction and leads to chronic obstructive pulmonary disease. Currently, no effective therapy for progressive pulmonary lymphangiomyomatosis is available.
TSC is caused by the mutation of either TSC1 or TSC2 gene (6, 7) . The gene products of TSC1 and TSC2, also known as hamartin and tuberin, respectively, form a physical and functional complex in which TSC2 functions as the catalytic subunit to promote GTP hydrolysis of the small GTPase Rheb (8, 9) . Therefore, Rheb is the major if not the sole downstream target of TSC1/TSC2 complex. TSC1 interacts with TSC2 via its coiled-coiled domain and stabilizes TSC2.
Important cellular function of TSC proteins had been uncovered by genetic studies in Drosophila, which revealed that dTSC1 and dTSC2 play an essential role in the regulation of cell size control functioning downstream of insulin receptor (10 -12) . Extensive biochemical and genetic studies identified that the TSC complex inhibits rapamycin-sensitive mTOR signaling pathway, which is directly activated by Rheb, therefore suppresses cell growth (13) . The functional characterization of TSC proteins as an intrinsic suppressor of rapamycin-sensitive mTOR signaling pathway immediately suggested a possible therapeutic value of rapamycin for TSC disease. Although various TSC phenotypes seen in patients may not be the sole outcome of mTOR activation, several reports suggested that rapamycin or its analogues have a beneficial effect in the treatment of TSC tumors (14 -16) . Furthermore, mTOR activation is observed in many types of cancer. Therefore, rapamycin or related mTOR inhibitors have received extensive attention as a common cancer drug.
DOWNSTREAM OF TSC mTOR complexes and their substrates
Based on extensive genetic and biochemical studies, it is well established that TOR is a major downstream target inhibited by the TSC1/TSC2 complex. TSC1/TSC2 suppress mTORC1 by inhibiting Rheb. In contrast, TSC1/TSC2 do not directly inhibit mTORC2.
TOR is a serine/threonine kinase conserved from yeast to mammals. As seen in yeast, mTOR also exists in two distinct multi-protein complexes termed mTOR complex 1 (mTORC1) and mTORC2. mTORC1 is a rapamycin-sensitive complex and consists of Raptor, mLST8, PRAS40 and mTOR (17 -19) . Rapamycin suppresses phosphorylation of the mTORC1 substrates such as S6K1, S6K2, 4EBP1 and PRAS40 with high sensitivity (20 -23) . On the other hand, mTORC2 contains Rictor, mSin1, mLST8, PRR5 and mTOR (17,24 -27) , and directly phosphorylates S473 of the protein kinase B/ Akt and S422 of the serum-and glucocorticoid-induced protein kinase1 (SGK1) in vitro and in vivo (28, 29) . Ablation of components in mTORC2 eliminates both Akt S473 (30) and SGK1 S422 phosphorylation (hydrophobic motif) (28) . In addition, mTORC2 also stimulates turn motif phosphorylation in both Akt and conventional protein kinase C (PKC), and stabilizes protein expression of these kinases (31, 32 ). The precise mechanism by which mTORC2 enhances the turn motif phosphorylation of Akt and PKC is yet unclear, since no evidence has shown that mTORC2 directly phosphorylates these sites. In contrast to mTORC1, the sensitivity of rapamycin to inhibit TORC2 function is low and the effect of rapamycin on mTORC2 activity is cell-type dependent, possibly due to indirect interference of mTORC1 (33) .
Function of mTORC1
In TSC1 or TSC2 mutant cells, mTORC1 is constitutively active. We have learned a great deal about the function of mTORC1 because the availability of rapamycin potently and selectively inhibits mTORC1. In response to growth factors and nutrient availability such as amino acids and glucose, mTORC1 is activated and regulates a wide array of cellular processes, including protein translation, transcription, mRNA splicing, cell cycle and autophagy (34) . The best-characterized mTORC1 function is its role in the protein synthesis, especially translation that associates with cell growth. Hyperactivation of mTORC1 pathway has also been postulated as an important contributing factor for tumorigenesis. mTORC1 regulates S6K1 and 4EBP1, two important translational regulators (Fig. 1) . T389 in S6K1 and multiple serine/threonine in 4EBP1 are directly phosphorylated by mTORC1 but not by mTORC2. 4EBP1 is a translation initiation suppressor by competing with eIF4G for the formation of an eIF4E initiation complex (35) . mTORC1-dependent phosphorylation of 4EBP1 decreases its affinity to interact with eIF4E, thereby activates eIF4E-dependent translation. S6K T389 phosphorylation tightly correlates with its kinase activity. Activated S6K by both mTORC1 and PDK1 then phosphorylates many target proteins such as S6, eIF4B, PDCD4, Skar, eEF2K and fragile X mental retardation protein that are mainly involved in the regulation of mRNA maturation and protein translation (36 -40) .
Genetic ablation of mTOR or Raptor causes early embryonic death (mTOR e5.5 -6.5; Raptor by e7), indicating that mTORC1 play an essential role in early development of embryo (30) . Tissue-specific Raptor knockout models reveal that mTORC1 play a critical role in metabolism regulation in both adipose and muscle tissues. Adipose tissue-specific Raptor knockout (raptor ad2/2) mice display lean phenotype and protect diet-induced obesity and hypercholesterolemia (41) . As expected, raptor2/2 adipocytes are smaller than those of wild-type mice. Interestingly, raptor ad2/2 mice show improved insulin sensitivity in muscle despite their low plasma adiponectin levels, suggesting that mTORC1 in adipose tissue may regulate unknown factors that could affect muscle insulin sensitivity. The lean phenotype of raptor ad2/2 mice appears to be due to enhanced energy expenditure associated with largely increased UCP1 expression in the white adipose tissue. Again, UCP1 expression in muscle is also enhanced in raptor ad2/2 mice. Since rapamycin treatment does not enhance UCP1 expression in differentiated 3T3-L1 cells, UCP1 expression in both muscle and adipose tissue may be regulated cell non-autonomously.
Skeletal muscle-specific ablation of raptor (raptor muscle2/2) exhibits dramatic loss in the number of mitochondria in muscles and induces muscle dystrophy (42) . Despite of a reduced mitochondria number with glycogen accumulation in muscle, the expression of slow myosin heavy chain and troponin 1, makers for slow-twitch muscle fiber, are largely enhanced in both soleus and extensor digitorum longus muscles of raptor 2/2 mice. These data suggest that ablation of mTORC1 in skeletal muscle causes a shift of their metabolic properties from oxidative (slow) to glycolytic (fast). Overall, these genetic studies in mice have revealed that mTORC1 play an essential role in the regulation and maintenance for physiological functions of adipose tissue and skeletal muscles.
Regulation of TSC-mTORCs pathway mTORC1 can be activated by both growth factors and nutrients. Growth factor such as insulin or IGF-1 stimulates Akt activity via the Phosphatidyl Inositide 3 kinase (PI3K) and PDK1, which phosphorylates the activation loop of Akt T308. The activated Akt can phosphorylate a wide array of substrates that involved in cell proliferation, growth and apoptosis. TSC2 is one of the Akt substrates and phosphorylation inactivates TSC2 GAP activity by an unknown mechanism (43 -45) . It has been postulated that phosphorylation of TSC2 may disrupt the interaction between TSC1 and TSC2 (44, 46) . Another model is that TSC2 phosphorylation attenuates membrane localization of TSC complex where TSC2 inhibits Rheb through its GAP activity (47) . In addition to Akt, studies have identified several kinases such as PKC, ERK and IKK-b that can phosphorylate TSC2 or TSC1 and inhibit the TSC complex function thereby activating mTORC1 signaling (48) (49) (50) (Fig. 1) . Therefore, TSC1/TSC2 can receive inputs from multiple signaling pathways. Recent studies also demonstrated alternative regulation of mTORC1 by growth factor. Upon growth factor stimulation, PRAS40 can be phosphorylated by Akt on T246 and mTORC1 on S183 and these phosphorylations reduce the affinity of PRAS40 to bind mTORC1 (18, 19, 23) . Given the fact that PRAS40 is a substrate of mTORC1 in vivo and in vitro, the physiological role of PRAS40 in the regulation of mTORC1 integrity and kinase activity remains unclear.
In addition to growth factors, nutrients such as glucose and amino acids activate mTORC1 activity. The TSC complex also plays an important role in glucose-dependent mTORC1 activation. Upon glucose starvation, AMP-activated protein kinase (AMPK) is activated. Under this condition, AMPK and glycogen synthesis kinase 3 (GSK3) cooperatively phosphorylate TSC2 and enhance TSC complex activity thereby inhibiting mTORC1 activity (51, 52) . Consistent with this model, low glucose or intracellular ATP-depletion-induced mTORC1 inhibition is largely compromised in TSC deficient cells. However, a caveat of this model is that TSC null cells remain responsive to long-term glucose starvation, and the relationship between AMPK and TOR function is conserved in all eukaryotes such as a warm and budding yeast that lack TSC2 orthologs (53, 54) . Recent studies have demonstrated that AMPK is able to regulate mTORC1 directly (54) . AMPK phosphorylates Raptor in its linker region and inhibits mTORC1 activity both in vivo and in vitro. Importantly, AMPK phosphorylation sites on Raptor are well conserved across all eukaryotes (54) .
Amino acids are essential activator of mTORC1 signaling pathway. Amino acids depletion does suppress mTORC1 activity regardless TSC expression, suggesting that amino acid withdrawal inhibits mTORC1 activity in a manner independent of TSC1/TSC2 GAP activity (55) . However, none of the stimuli including amino acids and growth factors is able to stimulate mTORC1 activity in the absence of Rheb in both Drosophila and mammalian cells, indicating that Rheb is an indispensable component in mTOR activation. Importantly, purified GTP-bound form of Rheb directly activates mTORC1 activity in vitro (18) . It also has been shown that recombinant Rheb directly binds to mTOR in an amino acid sensitive manner (56) . These studies suggest that amino acids may activate mTORC1 by regulating their spatial interaction between mTORC1 and active Rheb.
Recent studies have revealed that another small GTPase subfamily, Rags (A, B and C, D), plays an important role in the regulation of amino acid-induced mTORC1 activation (57, 58) . Rags are evolutionarily conserved GTPases from yeast to mammals (59) . Human Rags are in two groups RagA, B and RagC, D. RagA or B forms heterodimer with RagC or D through its carboxyl-terminal region and stabilizes each other. In active heterodimer complex, for instance in the RagA/C complex, the RagA is in a GTP-bounded form, whereas the RagC is in a GDP-bounded form. The active Rag heteodimer directly interacts with Raptor and maintains high level of S6 kinase phosphorylation even under amino acids starvation condition (57, 58) . In contrast, GDP-bounded form of RagA or RagB suppresses mTORC1 activity under nutrient rich condition. Furthermore, Rag GTP levels are regulated by amino acid stimulation, suggesting that Rag complex may function as a sensor for nutrients to regulate mTORC1 activity in cultured cells.
The role of Rag complex in the nutrient-dependent regulation of mTOR signaling was further supported by Drosophila genetic study. In the Drosophila fat body where nutrients play a critical role in cell growth control, expression of wild-type or active dRagA in the fat body has little effect on cell size under normal-fed condition (57) . However, under the starved condition, constitutive active dRagA (dRagA QL mutant) but not wild-type RagA dramatically increased cell size. Consistent with these observations in the gain of function study, a dominant negative dRagA (dRagA TN mutant) or dRagC ablation significantly decreases fat body cell size under fedcondition but not starved-condition. These data indicate that dRags sense nutrient availability and play a critical role in cell growth control (57) . As Rheb activity is critical for mTORC1 function, Rheb overexpression in fat body increases cell size in dRagC null background. Moreover, the increase in cell size in response to active dRagA is diminished in Rheb hypomorphic mutant background. These genetic observations indicate that Rags act in parallel to or upstream of Rheb to stimulate cell growth (Fig. 2A) .
The question that arises from these observations is how these small GTPases, Rags and Rheb coordinately regulate mTORC1 activity. Sabatini and colleagues (58) investigated mTOR localization in the presence or absence of amino acids and found that mTOR is diffusely cytoplasmic in the absence of amino acids, but translocates to Rab7 positive compartments upon amino acid stimulation in a manner depending on both Rags and Raptor. Interestingly, Rheb is constitutively associated with Rab7 positive compartments even in the absence of amino acids. As expected, active RagB (RagB QL mutant) induces mTOR to be constitutively in the Rab7 compartments. These results suggest that Rags play a crucial role to determine mTOR localization by interacting with Raptor in response to amino acids, therefore bring mTORC1 to the Rab7 compartment where mTORC1 is activated by Rheb (Fig. 2B ). This elegant model of spatial regulation of mTORC1 by amino acids is consistent with the results of Drosophila genetic studies. These new findings significantly advanced our understanding of amino acid signaling in the TORC1 pathway.
In addition to Rag in amino acid-induced mTORC1 activation, it has been postulated that two kinases, type III Phosphatidylinositol-3 kinase/VPS34 and germinal center kinase-related kinase/MAP4K3 are involved in the regulation of mTORC1 activation in response to amino acids (55, 60, 61) . VPS34 has been well established to have a key role in endocytic trafficking, endosomal sorting and fusion, and is implicated in the initiation of autophagy (62, 63) . Interestingly, the hVPS34 lipid kinase activity is regulated by extracellular amino acid availability possibly via intracellular calcium concentration (55, 64) . hVPS34 knockdown significantly reduced amino acids-induced mTORC1 activity. Overexpression of hVPS34 enhances mTORC1 activity in mammalian cells. It is intriguing to speculate that hVPS34 may play a role in mTORC1 localization in response to amino acids. It should be noted that genetic ablation of Drosophila vps34 has little effect on dTORC1 signaling although the same mutation affects autophagy (65) . Therefore, additional studies are needed to unequivocally confirm the function of VPS34 in amino acid signaling to TORC1 activation.
RNAi screen searching for kinases necessary for dS6K phosphorylation in Drosophila identified MAP4K3, a Ste20 family kinase, as an activator for dTORC1 signaling (61) . Interestingly, MAP4K3 activity is reported to be up-regulated by amino acids but not insulin. Overexpression of MAP4K3 activates and ablation of MAP4K3 significantly reduces mTORC1 activity in a PI3K independent manner. However, the effect of MAP4K3 on mTOR activity is rather modest, raising an issue of the relative importance of MAP4K3 in amino acid signaling. Nevertheless, a function of MAP4K3 in amino acids-induced mTORC1 activation is suggested.
GENETIC MODELS FOR TSC FUNCTION
Conventional knockout of either TSC1 or TSC2 causes early embryonic lethality in mice (66) . Physiological role of the TSC complex using conditional knockout approach has been investigated in several tissues including brain, pancreatic b cells and blood cells. Lack of TSC1 or TSC2 induces extopic axons in vitro and in vivo (67) . mTORC1-dependent up-regulation of the neuronal polarity SAD kinase appears to be important for the formation and growth of axon, but not those of dendrites. In addition to axonal formation, TSC1 ablation in adult mice protects retinal ganglion cell death and promotes axon regeneration after optic nerve injury, suggesting that mTORC1 plays a critical role in the axon regeneration (68) .
Mice with TSC1 ablation in most differentiated neurons using synapcin1-cre develop several pathogenic features seen in TSC disease, including enlarged and dysplastic neurons and reduced myelination with high expression of phosphorylated S6 proteins (69) . Furthermore, these mice display hyperactive, development of seizures, poor weight gains and short life span (30 days). Specific mTORC1 inhibitors (rapamycin and RAD001) ameliorate the majority of pathological phenotypes except for dysplastic neuronal features, suggesting that other function of TSC-Rheb plays a role for dysplasia of neuron. It is also likely that all dysplastic neuronal features have been established and irreversible when the mice are treated with mTORC1 inhibitors. Interestingly, mice treated with mTORC1 inhibitors for a short period (postnatal day 7 -30) showed a persistent improvement in phenotype with an increased life span (30 -80 days) (70) . Although cell size and signaling profiles revert to their pretreatment patterns after rapamyain withdraw, myelination remains intact, indicating that most of the clinical neurological features of TSC may be due to loss of myelination by mTORC1 activation. The mechanism by which mTORC1 disrupts normal myelination is unknown. TSC-mTOR pathway also plays a critical role in the function, development and survival of pancreatic b cells. Constitutive mTORC1 activation due to loss of TSC2 gene in pancreatic b cells leads to increased islet mass attributable in large part to enlargement of the individual b cell in rapamycin sensitive manner (71, 72) . These mice also display hyperinsulinemia and hyoglycemia, indicating that overproduction and secretion of insulin from b cells and the development of insulin resistance. Interestingly, continuous mTORC1 activation in the b cells causes progressive hyperglycemia and hypoinsulinemia due to a decrease in the number of b cells in later stage (71) . It is intriguing to speculate that uncontrolled mTORC1 activity in the b cells may have a role in the loss of b cells observed in type2 diabetes. In this regard, specific attenuation of mTORC1 activity in the pancreatic b cells in type2 diabetes may rescue b cells death and could maintain b cells function.
Recent studies have implicated a role of the TSC-mTORC1 pathway in the regulation of stem cell self-renewal and senescence. Ablation of TSC1 in hematopoietic stem cells (HSCs) causes a marked reduction of hematopoiesis and self-renewal of HSCs (73, 74) . As seen in PTEN-deficient HSCs, HSC cell cycling is initially increased but later HSCs are progressively depleted (75) . As expected, rapamycin treatment restored the reduction of TSC1-deficient HSCs. Importantly, TSC1 depletion in HSCs does not cause leukemia or other malignancies. These studies indicate that HSCs require TSC1 to maintain quiescence and self-renew over time. The mechanism by which TSC complex maintains HSCs population is that TSC complex may suppresses mTORC1-dependent reactive oxygen species production that has a significant harmful effect on HSCs maintenance (74) . To support this idea, Chen et al. showed that N-acetylcystine (NAC), a potent anti-oxidant, restored TSC1-deficient HSC population. These studies demonstrate a function of TSC-mTORC1 in stem cell biology.
PERSPECTIVE
Extensive genetic and biochemical studies have revealed the exciting pathway by which mTORC1 is inhibited by TSC1/ TSC2 and how this pathway is regulated by nutrients (energy and amino acids) and growth factors. It is clear that constitutive activation of mTORC1 is a major pathological consequence of mutation in TSC1 or TSC2. Furthermore, the mTOR pathway is activated in many human cancers. Therefore, interrogation of this pathway and specific inhibitors of mTOR could be valuable tools for cancer treatment. However, many key questions remain to be addressed. Previous study in Drosophila has suggested TCTP as a GEF for Rheb (76) . However, recent reports dispute this conclusion (77, 78) . Then, what is the GEF for Rheb? A role of Rag GTPases in amino acid signaling appears to be convincing. How do the Rag proteins sense amino acids? What are the Rag GEFs and GAPs? Another key issue is how mTORC1 is activated by Rheb. It seems to involve a rather complex mechanism, including Rheb and Rag binding and spatial regulation. Identification of trafficking and sorting regulations of mTORC1 into certain cellular compartments in response to amino acids will be important for understanding the mechanism of mTORC1 activation. In addition to these biological and biochemical questions, physiological and pathological roles of TSC-mTOR signaling pathway in a variety of organs should be addressed. Such studies will reveal tissue-specific function of TSC-mTOR pathway and provide relevant information to explore new therapeutic approaches for cancers and metabolic diseases.
